SUMMARY ANSWER: Depletion of Spin1 induces spontaneous oocyte activation and overexpression of Spin1 causes multinuclear formation through induction of DNA damage in porcine oocytes.
Introduction
In mammals, oocytes must complete the meiotic cell cycle as they are arrested at metaphase of the second meiotic division (MII). Oocytes are released from MII arrest by Ca 2+ signaling induced by spermatozoon penetration (Levasseur and McDougall, 2000) or by artificial activation. This cell cycle blockade is essential to prevent spontaneous parthenogenetic activation and embryo development in the absence of the paternal genome. MII arrest is regulated by the activity of maturation (or M-phase)-promoting factor (MPF), a basic regulator of the cell cycle that comprises cyclin-dependent kinase 1 (Cdk1, also called CDC2) and cyclin B (Masui and Markert, 1971) . Stabilization of cyclin B is considered to be the primary factor that maintains active Cdk1 and MII arrest (Kubiak et al., 1993) . After fertilization, increased degradation of Emi2 induced by cytoplasmic Ca 2+ further activates APC/C, which directs cyclin B to the ubiquitin system, resulting in the degradation of MPF and meiotic resumption (Nixon et al., 2002; Madgwick et al., 2006) , as well as inactivation of the Mos/ERK pathway (Verlhac et al., 2000) . MII arrest is also established by a consecutive series of cytoplasmic kinase activation and subsequent phosphorylation of proteins, such as that of mitogen-activated protein kinase (MAPK) via MAPK/ERK kinase (MEK). Mos protein, the product of the proto-oncogene c-mos, accumulates in maturing oocytes and has a central role in regulating cytostatic factor activity, which is responsible for MPF activity (Sagata et al., 1989) .
Spindlin 1 (Spin1) is specifically expressed during gametogenesis and its transcript is very abundant in unfertilized oocytes and embryos at the 2-cell stage, but not the 8-cell stage, in mice (Oh et al., 1997) . During meiotic maturation, Spin1 forms a ribonucleoprotein complex and regulates meiotic resumption in mouse oocytes (Chew et al., 2013) . Ectopic expression of Spin1 also promotes cancer cell proliferation and activates WNT/T-cell factor signaling (Wang et al., 2012) . Overexpression (OE) of Spin1 in somatic cells also causes metaphase arrest (Zhang et al., 2008) . However, the precise function of Spin1 in mammalian oocytes and embryo development has not been explored.
In the present study, using siRNA injection and OE, we demonstrate that SPIN1 localizes both in the cytoplasm and nucleus of porcine oocytes, and is essential for MII arrest. Overexpression of Spin1 causes DNA damage and multiple nucleus formation, resulting in cell cycle arrest in porcine oocytes.
Materials and Methods
Unless otherwise indicated, all chemicals were purchased from Sigma Chemical Company (Sigma-Aldrich, St. Louis, MO, USA).
Ethical approval
All animal studies were performed after receiving the approval of the Institutional Animal Care and Use Committee (IACUC) of Chungbuk National University, Korea.
Isolation of denuded oocytes
Prepubertal porcine ovaries were collected from a local slaughterhouse (Farm story Dodram B&F, Umsung, Chungbuk, Korea) and transported to the laboratory at 25°C in Dulbecco's phosphate-buffered saline (D-PBS) supplemented with 75 μg/l penicillin G and 50 μg/l streptomycin sulfate.
Cumulus-oocyte complexes (COCs) were aspirated from follicles of 2-8 mm in diameter with an 18-gauge needle and a disposable 10 ml syringe. Cumulus cells were removed by repeated pipetting of COCs through a fine-bore pipette. Denuded oocytes were collected for microinjection.
In vitro maturation, parthenogenetic activation and culture COCs or denuded oocytes were washed three times with Hepes-buffered Tyrode's medium containing 0.1% (w/v) polyvinyl alcohol. Each group of 50 COCs was matured in 700 μl of tissue culture medium (TCM)-199 (with Earle's salts; Gibco, Grand Island, NY, USA) supplemented with 0.6 mM cysteine, 10 ng/ml epidermal growth factor, 10 IU/ml LH and 10 IU/ml FSH under paraffin oil at 38.5°C for 36 h. Following maturation, cumulus cells were removed by pipetting in the presence of 1 mg/ml hyaluronidase for 2-3 min. Oocytes were activated for parthenogenesis in 0.3 M mannitol (Sigma) supplemented with 1.0 mM Ca 2+ , 0.1 mM MgCl 2 and 0.5 mM Hepes with two 110 kV/cm DC pulses of 50 μs in duration separated by 100 ms. After 3 h of culture in PZMax containing 7.5 μg/ml cytochalasin B, embryos were washed several times in PZMax containing 0.4% (w/v) bovine serum albumin (BSA) and cultured in the same medium at 38.5°C in an atmosphere of 5% CO 2 and 95% air.
Real time reverse transcription-polymerase chain reaction
For evaluation of gene expression, mRNA was extracted from 20 oocytes and cDNA was synthesized with a Dynabeads mRNA Direct Kit (61012, Ambion) and a First-Strand Synthesis Kit (6210, LeGene, San Diego, CA, USA) according to the manufacturer's instructions. qPCR was conducted using a DyNAmo HS SYBR Green qPCR Kit (F-410 L, Thermo Scientific, Vantaa, Finland) according to the manufacturer's instructions on a CFX96 Touch Real time PCR Detection System (Bio-Rad). The PCR protocol was as follows: 95°C for 15 min, 40 cycles of 95°C for 20 s, the primer annealing temperature for 20 s, then 72°C for 30 s, and finally 95°C for 10 s. Gene-specific primers were designed with Primer Premier 5 (PREMIER Biosoft, Palo Alto, CA, USA), and the specificity for the target genes was confirmed using primer BLAST.
Antibodies and immunofluorescence staining
Antibodies against α-tubulin, Spin1 and γH2A.X were purchased from Sigma, Abcam (Cambridge, MA, USA) and Cell Signaling (Boston, MA, USA), respectively. Immunofluorescence staining was performed using standard protocols. Briefly, oocytes were fixed in 4% paraformaldehyde for 30 min and then treated with 0.5% Triton X-100 for 20 min for α-tubulin and γH2A.X staining. However, oocytes or embryos were fixed in icecold 100% methanol for 15 min for Spin1 staining. After blocking in 1% BSA for 1 h, oocytes or embryos were incubated with each primary antibody (1:100) at 4°C overnight. After three washes in D-PBS containing 0.1% Tween 20 (washing buffer), oocytes or embryos were incubated with secondary antibody, Alexa-Fluor-568-or FITC-conjugated goat antirabbit-IgG (1:200), for 1 h for staining of Spin1 or γH2A.X and α-tubulin, respectively. After three washes in washing buffer, oocytes embryos were incubated for 5 min with Hoechst 33342 dye (5 μg/ml) prepared in D-PBS. Finally, embryos were mounted onto glass slides and examined using a laser scanning confocal microscope (Zeiss LSM 710 META, Oberkochen, Germany). An oil immersion objective lens (63×) was used for observation. Fluorescence intensity in cytoplasmic regions devoid of the cortex was measured using ImageJ (Schneider et al., 2012) .
Spin1 knockdown
Spin1 was knocked down in porcine oocytes and embryos via microinjection of pig Spin1-targeting siRNA. Three different siRNAs were designed by and purchased from Bioneer, Inc. (Daejeon, Korea; Table I ). siRNAs were diluted to 50 μM, and added to an injection pipette with a tip diameter of <1 μm using a micro-loader (5242 956.003, Eppendorf, Hamburg, Germany). Twenty oocytes or embryos per group were transferred to 30 μl droplets of manipulation medium (TCM-199 supplemented with 0.6 mM NaCO 3 , 10 mM Hepes, 30 mM NaCl and 0.1% BSA). The MIIstage oocytes or parthenogenetically activated zygotes were held in place using a holding pipette, and the plasma membrane was penetrated by the injection pipette with constant siRNA medium flow until obvious swelling was observed.
Spin1 overexpression and rescue
For Spin1 OE, porcine Spin1-eGFP cRNA was generated. Total RNA was extracted from 150 MII-stage oocytes with a Dynabeads mRNA DIRECT Kit (61012, Ambion, Oslo, Norway). Then, total cDNA was synthesized with the Express first-Strand cDNA Synthesis system (6210-05, LeGene, San Diego, CA, USA). The full-length porcine Spin1 coding sequence was cloned by PCR. The primer pairs are listed in Table II . After sequencing and BLAST searches, the full-length Spin1 coding sequence was sub-cloned at the 3′ end of the eGFP sequence in the pRN3 vector with an In-fusion HD cloning kit (639649, Clontech, CA, USA). The pRN3-Spin1-eGFP plasmid was linearized with SfiI (R0123S, NEB) and purified with a gel extraction kit (A9282, Promega, Madison, WI, USA). A T3 high-yield capped RNA transcription kit (AM1338, Ambion) was used to produce capped mRNA, which was subsequently purified with an RNeasy cleanup kit (74004, Qiagen, Hilden, Germany) . The concentration of Spin1-eGFP cRNA was determined with a Beckman DU 530 Analyzer (Fullerton, CA, USA) and then the mRNA was diluted to a concentration of 1000 ng/μl for OE. Control oocytes were microinjected with eGFP cRNA. For rescue experiments, cRNA encoding siRNA-resistant mouse Spin1 was added to the siRNA at a concentration of 1000 ng/μl. Because Spin1-targeting siRNA1 and 2 (si1Spin1 and si2Spin1, respectively) have a target sequence in mouse Spin1, only Spin1-targeting siRNA3 (si3Spin1) was used for knockdown (KD) in the rescue experiment. The full-length mouse Spin1 coding sequence was used to generate mouse cRNA, and the rest of the method was the same as that used to generate porcine cRNA, except for eGFP labeling.
For OE and rescue experiments, microinjection and culture were performed using the same methods as described for KD experiments.
Western blotting analysis
For western blotting, 200 porcine oocytes were collected in sodium dodecyl sulfate (SDS) sample buffer and heated for 5 min at 95°C. Proteins were separated by SDS-polyacrylamide gel electrophoresis and electrically transferred to polyvinylidene fluoride membranes. Membranes were blocked in Tris-buffered saline containing Tween 20 (TBST) containing 5% BSA for 2 h and then incubated overnight at 4°C with the primary antibody (1:500). After washing three times in TBST (each for 10 min), membranes were incubated for 1 h at 37°C with a peroxidase-conjugated secondary antibody (1:2000; Santa Cruz, CA, USA). Finally, membranes were processed using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific, Waltham, MA, USA).
Time-lapse microscopy analysis
Time-lapse imaging was performed in histone H2B-mCherry expressing oocytes. Histone H2B-mCherry mRNA and sisSpin1 were microinjected into MII-stage oocytes. Images were captured at 300 s intervals for 18 h after microinjection using a Lumascope 620 inverted microscope (Etaluma, 
Inc., Carlsbad, CA, USA) installed inside an incubator maintained at 38.5°C and 5% CO 2 .
Poly(A) tail assay
For determination of the maternal transcript poly(A) tail (PAT) length, the PCR-based PAT assay was carried out as previously described (Jang et al., 2014) . PCR was performed under the following conditions: 93°C for 5 min, followed by 33 cycles of 93°C for 30 s, 60°C for 60 s, and 72°C for 60 s, and a final extension of 72°C for 7 min. PAT-PCR products were visualized by staining with Redsafe ® after electrophoresis on 3-5% agarose gels (w/v). The differences in PAT length were observed as smears of different lengths on the gel. The PCR primers used for the PAT assay are listed in Table II .
Statistical analysis
At least three separate replicates were performed for each experiment. Data were statistically analyzed by t-test, except for analysis of the percentage of pronuclear formation following SPIN1 rescue and immunofluorescence intensity of H2A.X signal following OE and etoposide treatment, for which ANOVA followed by Tukey's multiple comparison tests of means were performed. All analyses were performed using SPSS software package (version 11.5). Data are presented as the average ± SEM. P < 0.05 was considered statistically significant.
Results

Expression of porcine Spin1 mRNA and protein
To determine the expression pattern of porcine Spin1 transcripts, we performed real time RT-PCR analysis with normalized cDNAs derived from various porcine tissues (Fig. 1A) . Expression was observed predominantly in the ovary. Expression was lower in the other tissues and was barely detectable in the heart. Next, we investigated the expression of porcine Spin1 during oocyte and early embryo development (Fig. 1B) . Porcine Spin1 was highly expressed in MII-stage oocytes, as well as in 1-cell-stage to 2-cell-stage embryos, but its expression was dramatically reduced in porcine embryos at the 4-cell stage to the blastocyst stage. Considering that embryonic genome activation occurs at the 4-cell stage in porcine embryos (Jarrell et al., 1991) , these results suggest that porcine Spin1 is a maternally expressed gene.
To analyse Spin1 protein expression, oocytes were collected at 44 h of in vitro maturation, when they had reached MII stage. Parthenotes Figure 1 Relative Spin1 mRNA expression and protein expression in porcine tissues (A) and oocytes and at different preimplantation developmental stages of parthenogenetically activated embryos (B and C). Spin1 mRNA expression was normalized to that in ovaries (A) and blastocysts (B). Confocal microscopy images of Spin1 protein in porcine oocytes and embryos (C). MII, metaphase II; 1C, one cell; 2C, two cells; 4C, four cells; BL, blastocyst, NC, negative control; blue, DNA; red, SPIN1 protein. The data are expressed as the mean ± SEM of at least three independent experiments. Gapdh was used as an internal standard for mRNA expression analysis.
were collected at 10 h, 24 h, 48 h and day 7 after activation, when they had reached the 1-cell, 2-cell, 4-cell and blastocyst stage, respectively. Spin1 was localized to both cytoplasm and nucleus in MII-stage oocytes and all developmental stages of early embryos (Fig. 1C) . To confirm the localization of Spin1 protein, a low concentration (350 ng/μl) of Spin1-eGFP cRNA was microinjected into GV-stage oocytes or 1-cell-stage parthenotes, and the cells were cultured to the MII or blastocyst stage, respectively, followed by immunostaining. Strong exogenous expression revealed that Spin1 protein was localized to both the cytoplasm and nucleus (Supplementary Fig. S1 ).
Depletion of porcine Spin1 causes spontaneous oocyte activation MII-stage oocytes microinjected with siRNAs were cultured for another 24 h to allow Spin1 depletion. The efficiencies of Spin1 KD and Gapdh expression were checked by real time RT-PCR ( Supplementary Fig. 2 ). Gapdh mRNA expression did not differ among the each Spin1-targeting siRNA-injected groups (si1Spin1, si2Spin1 and si3Spin1, respectively), the group injected with mixture of all three Spin1-targeting siRNAs (sisSpin1), the GFP-targeting siRNA-injected group (siGFP) and the non-injected group (Non) (Supplementary Fig.  S2A ). However, Spin1 mRNA expression was significantly lower in each of the individual Spin1-targeting siRNA-injected groups and the group injected with mixture of all three Spin1-targeting siRNAs than in the GFP-targeting siRNA-injected group and the non-injected group. Additionally, mRNA expression of Gapdh and Spin1 did not differ between the GFP-targeting siRNA-injected group and the non-injected group (Supplementary Fig. S2B ). Furthermore, KD of SPIN1 protein was confirmed by immunostaining ( Supplementary Fig. S2C and D) . Therefore, a mixture of the three Spin1-targeting siRNAs (sisSpin1) was used for KD and the GFP-targeting siRNA was used as the control.
To investigate the functions of Spin1 during porcine MII arrest, siRNAs specifically targeting porcine Spin1 were microinjected into MII-stage oocytes after 44 h of IVM, and then the oocytes were cultured for another 24 h to allow Spin1 depletion. Oocytes spontaneously exited MII arrest and formed pronuclei after siRNAs microinjection without artificial activation. The pronucleus (PN) formation rate was significantly (P < 0.05) higher in the Spin1-KD group than in the control both at 12 and 24 h ( Fig. 2A and B) .
Time-lapse microscopy was used to investigate the effects of Spin1 KD on oocyte MII arrest. Parthenogenetically activated oocytes were used as a positive control. Histone H2B-mCherry was microinjected into the cytoplasm of oocytes to evaluate chromatin movement. Oocytes were arrested at MII until 24 h after microinjection of histone H2B-mCherry in the negative control group (Ctrl, Fig. 2C ; Supplementary Video S1). In contrast, PN formation was initiated at 10 h in the Spin1-KD group ( Fig. 2C ; Supplementary Video S3), similar to the positive control group ( Fig. 2C ; Supplementary Video S2).
As noted above, porcine oocytes treated with a mixture of three Spin1-targeting siRNAs (sisSpin1) failed to arrest at MII. Thus, we investigated spindle maintenance following Spin1 KD. Spindle maintenance in MII-stage oocytes was assessed by acquiring immunofluorescence images of spindles that had been labeled with an anti-α-tubulin antibody. In confocal microscopy images, the percentage of oocytes exhibiting spindle disappearance with PN formation after 12 and 24 h was higher in the Spin1-KD group than in the control group (Fig. 2D) . This result was also confirmed by Western blot analysis (Fig. 3B) .
Depletion of porcine Spin1 reduces the activities of MPF and MAPK
The spontaneous PN formation rate of porcine oocytes was increased after sisSpin1 microinjection; therefore, we hypothesized that depletion of Spin1 in porcine oocytes can affect the activities of MPF and MAPK, which are essential for MII arrest. Western blotting and an ELISA were employed to determine the protein levels of MAPK and MPF components and the activity of P34 cdc2 kinase, an MPF substrate, respectively. The activity of P34 cdc2 kinase at 12 and 24 h was lower in the Spin1-KD group than in the control group (Fig. 3A) , and the protein levels of cyclin B1 and ERK1/2 were reduced after Spin1 KD, as determined by western blotting (Fig. 3B) . Because MPF and MAPK are translated from mRNA and degraded at the same time in cells, we investigated the PAT length of Erk1/2 (P42 and 44), cyclin B1 and Cdc2. After injection of porcine MII-stage oocytes with sisSpin1, the PAT length of Erk1 (P42) was decreased, whereas those of Erk2 (P44), cyclin B1 and Cdc2 were not significantly changed (Fig. 3C) . These results showed that KD of Spin1 can result in low levels of MPF and MAPK activity and reduced stability of Erk1 mRNA, leading to a low level of ERK1 synthesis.
Oocytes maintain MII arrest following Spin1 rescue
Spin1 KD-induced PN formation. We further investigated the effect of rescue on MII-stage oocytes. Mouse Spin1 cRNA and porcine Spin1-targeting siRNA3 were mixed together and microinjected into MIIstage oocytes for rescue treatment. The PN formation rate in rescue oocytes (n = 144, 20.00 ± 3.21%) was significantly lower than in the Spin1-KD group (n = 123, 46.00 ± 6.55%) and did not differ from that in control oocytes (n = 116, 13.67 ± 1.85%) following 24 h of KD or rescue (Fig. 4A) . Additionally, the morphology of microtubules around chromatin was normal in rescued oocytes (Fig. 4B) .
Depletion of porcine Spin1 perturbs porcine parthenote development
We knocked down Spin1 starting at the zygote stage. After 44 h of IVM, oocytes were activated by an electric pulse in activation medium, followed by incubation for 3 h in PZM5 medium containing cytochalasin B and an additional 3 h in CB-free medium. Then, after 6 h of parthenogenetic activation, activated oocytes were microinjected with sisSpin1 and cultured for 7 days in PZMax medium. Similar to the results described above, the percentage of oocytes that developed to the 4-cell stage did not differ between the groups; however, the blastocyst developmental rate was significantly lower in the Spin1-KD group (n = 86, 23.33 ± 4.63%) than in the control group (n = 96, 47.00 ± 0.58%, P < 0.005, Fig. 5A and B) . Furthermore, the total cell number per blastocyst was significantly lower in the Spin1-KD group (n = 23, 26.20 ± 1.47) than in the control group (n = 44, 35.09 ± 1.74, Fig. 5C ).
Overexpression of Spin1 causes multiple nuclei formation in MII-stage oocytes
Spin1 is associated with metaphase arrest and apoptosis (Yuan et al., 2008b) . To explore the precise function of Spin1 in porcine oocytes arrested at MII, we microinjected Spin1-eGFP cRNA into the cytoplasm of MII-stage oocytes. After 24 h of Spin1 OE, oocytes exhibited chromosomal instability and therefore formed multiple nuclei (Fig. 6A) . The percentage of oocytes that exhibited multinucleation was significantly higher in the Spin1-OE group (n = 48, 25.00 ± 3.06%) than in the control group (n = 40, 8.04 ± 1.73%, P < 0.005, Fig. 6B ).
Overexpression of Spin1 disrupts normal cleavage in porcine parthenotes
Spin1 cRNA was injected into MII-stage oocytes after 40 h of IVM. Oocytes were cultured in IVM medium for an additional 10 h to allow mRNA translation and were then parthenogenetically activated by an D) ; red, nuclei labeled with mCherry; green, microtubules. The data are expressed as the mean ± SEM of at least three independent experiments. *P < 0.05; ***P < 0.001. electric pulse to determine the effect of Spin1 OE on porcine embryo development. In the control group (n = 104), 68% of parthenotes had developed to the 4-cell stage at 48 h after activation. In contrast, in the Spin1-OE group (n = 118), at the same time point, only a few parthenotes had reached the 4-cell stage (4.11 ± 2.28%, P < 0.001) or were even at the 2-cell stage (8.90 ± 3.13%, Fig. 7A and B) . Most Spin1-overexpressing MII-stage oocytes did not undergo the first cleavage and were arrested at the abnormal PN stage with multiple nuclei or misaligned chromatin (86.98 ± 5.08%, P < 0.001), in contrast with the control group (6.03 ± 3.24%, Fig. 7B ). Next, we microinjected Spin1 cRNA into activated oocytes at 6 h after activation. Similarly, after 48 h of in vitro culture, 65% of embryos had developed to the 4-cell stage in the control group (n = 80), whereas only 9.6% of embryos had developed to the 2-cell stage and almost none had developed to the 4-cell stage in the Spin1-OE group (n = 92). Most embryos in the Spin1-OE group (88.31 ± 4.46%) displayed multiple nuclei or abnormal chromosomal stability, in contrast with the control group (10.40 ± 1.51%, Fig. 7C and D, P < 0.001).
Overexpression of Spin1 induces DNA damage
Spin1 is associated with apoptosis in somatic cells; therefore, we further investigated the chromatin configuration in Spin1-overexpressing embryos. Porcine embryos overexpressing Spin1 demonstrated significant multinucleation. Multinucleation is an important apoptosis marker; therefore, we performed confocal microscopy to determine the protein level of γH2A.X, a checkpoint protein linked with apoptosis. Etoposide, a topoisomerase II inhibitor that induces DNA strand breaks (Wang et al., 2016) , was used as a positive control. MII-stage oocytes were treated with Spin1 cRNA (OE) or 100 µg/ml etoposide for 24 h. The intensity of γH2A.X labeling was analyzed by ImageJ. The intensities of γH2A.X labeling in the same volume including whole chromatin, which did not include the polar body (inside the yellow ring, Fig. 8A and B) , and along a line drawn through chromatin (white line, Fig. 8A and C) were estimated. The fluorescence intensity of γH2A.X labeling in the Spin1-OE group was similar to that in the etoposide-treated group and was significantly higher than that in the control group (P < 0.001, Fig. 8 ).
Discussion
Mammalian oocytes are arrested at prophase I of meiosis, then resume meiosis prior to ovulation, and are arrested again at MII. Coordination of meiotic resumption and MII arrest is partly dependent on the transcriptional regulation of maternal transcripts. Spindlin transcripts are very abundant (0.35% of total mRNA) and spindlin itself is Western blot analysis of α-tubulin, p-ERK1/2, cyclin B1 and CDC2 after 24 h of Spin1 KD in oocytes. β-Actin was used as an internal reference. (C) PAT assay of Erk1/2, cyclin B1 and Cdc2. The PAT lengths of different targets were checked using specific primers and PCR amplification followed by electrophoresis.
one of the most abundant proteins biosynthesised in oocytes and zygotes (Oh et al., 1997) . As a Tudor domain protein, Spin1 is the most important member of the Spindlin gene family. In the early stage of meiosis, Spin1 is involved in meiotic resumption. Spin1-deficient mouse oocytes undergo normal folliculogenesis but are defective in meiotic resumption (Chew et al., 2013) . However, the function of Spin1 in MII arrest of oocytes is unknown.
In the present study, we aimed to determine the expression of Spin1 during porcine oocyte MII arrest and embryo development and examined the role of the Spin1 protein. Spin1 is a typical maternal gene and may play an important regulatory role in oocyte maturation 
Figure 5
Early embryo development (A and B) and total cell numbers per blastocyst (A and C) following Spin1 KD in zygote-stage parthenotes (6 h after activation). Data are expressed as the mean ± SEM of at least three independent experiments. *P < 0.05; **P < 0.01. and early embryo development before zygotic genome activation. Both endogenous and exogenous expression results showed that Spin1 was localized to the cytoplasm and co-localized with DNA in oocytes and preimplantation embryos. The data indicated that porcine Spin1 may play important roles in cell cycle regulation or DNA function.
To identify the function of Spin1, its transcript was knocked down by siRNA microinjection. KD of Spin1-induced spontaneous activation of porcine MII-stage oocytes, as revealed by PN formation. MII-stage arrest in mammalian oocytes is maintained by high activities of MPF and MAPK. Reduced p34 cdc2 (catalytic unit of MPF) activity was observed following Spin1 KD, directly demonstrating that MII arrest resulted from a fault of Spin1 KD oocytes. Western blot analysis further revealed that the low activity of MPF resulted from reduced CDC2 and cyclin B1 protein levels. Under physiological conditions, cyclin degradation is a key event during the exit from metaphase and entrance into the next interphase. Importantly, Spin1 KD also reduced the protein level of ERK1/2, which is essential for the maintenance of MII arrest (Tong et al., 2003) . Translational efficiency and mRNA stability are mainly controlled by the polyadenylation status and integrity of mRNA (Burgess and Gray, 2010) . In the present study, KD of Spin1 decreased polyadenylation of ERK1, which may have influenced mRNA stability, explaining the low activity of MAPK. The mechanism by which Spin1 regulates gene expression and stability in porcine oocytes is unclear; however, in mice, binding of SPIN1 to serpine1 mRNA binding protein one via its Tudor-like domain results in the formation of a ribonucleoprotein complex that regulates mRNA stability and/or translation. Whether Spin1 affects MPF and MAPK levels by the same pathway requires further analysis. Another notable aspect of spindlin 1 is that a greater number of multinuclear embryos are obtained after Spin1 OE. Although Spin1 is essential for metaphase arrest, microinjection of Spin1 cRNA caused mitotic cell cycle arrest because of the formation of multiple nuclei. Similar results were observed in HeLa and NIH3T3 cells, in which OE of Spin1 delayed the metaphase-to-anaphase transition, resulting in micronucleation and multinucleation (Yuan et al., 2008b; Zhang et al., 2008) . Another study confirmed that multinucleation and micronucleation resulted from DNA damage which was marked by activated γH2A.X, a novel biomarker of DNA strand breaks (Kuo and Yang, 2008) . γH2A.X is required to maintain repair factors at sites of DNA double-strand breaks (Sedelnikova et al., 2002) . Of the two DNA repair mechanisms, non-homologous end joining is active throughout the cell cycle, while homologous recombination is restricted to the S and G2 phases because of the requirement for sister chromatid as a template (Brandsma and van Gent, 2012) . γH2A.X appears to play an important role in both mechanisms (Xie et al., 2004) . OE of Spin1 resulted in the phosphorylation of H2A.X, as observed in etoposidetreated oocytes. Based on these findings, the division of Spin1-overexpressing embryonic cells is likely related to a lack of efficient DNA damage checkpoint mechanisms rather than to a decreased capacity for DNA repair.
Furthermore, Spin1 is an important gene for mitotic chromosome functions (Yuan et al., 2008a) . OE of Spin1-induced chromosomal instability and blocked the first cleavage. SPIN1 is differentially phosphorylated during the meiotic and first mitotic cell cycles. Malpositioning of the centrioles and disruption of tubulin polymerization, microfilaments, microtubules and even actin/myosin polymerization (responsible for formation of the contractile ring during mitosis), and cytokinesis may be involved in the formation of abnormal nuclei (Castedo et al., 2004) .
On the other hand, SPIN1 is a histone methylation effector protein that specifically identifies histone H3 lysine four methylation (Wang et al., 2011) . In somatic cells, Spin1 is mainly associated with gene transcription and apoptosis, localizes to active ribosomal DNA repeats and facilitates the expression of rRNA genes (Wang et al., 2011) . Loss of Spin1 at the zygote stage may have affected embryonic gene transcription, which requires rRNA gene expression through activation of ribosomal DNA, and may have influenced blastocyst formation, but not development to the 4-cell stage.
In the present study, both KD and OE of Spin1 disturbed the normal cell cycle in porcine oocytes, revealing that porcine Spin1 is controlled by precise negative feedback regulatory system. In conclusion, Spin1 is important for MII arrest of mammalian oocytes and disruption of its regulation results in abnormal cell division.
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Authors' roles marker γH2A.X, which was detected with a specific antibody. The fluorescence intensities of γH2A.X in the volume inside the yellow ring (B) and along the white line drawn through chromatin (C) were estimated by Image J. Blue, DNA; red, γH2A.X. Data are expressed as the mean ± SEM of at least three independent experiments. ***P < 0.001.
